The research of Alzheimer's disease (AD) in their early stages and its progression till symptomatic onset 12 is essential to understand the pathology and investigate new treatments. Animal models provide a helpful 13 approach to this research, since they allow for controlled follow-up during the disease evolution. In this 14 work, transgenic TgF344-AD rats were longitudinally evaluated starting at 6 months of age. Every 3 15 months, cognitive abilities were assessed by a memory-related task and magnetic resonance imaging 16 (MRI) was acquired. Structural and functional brain networks were estimated and characterized by graph 17 metrics to identify differences between the groups in connectivity, its evolution with age, and its influence 18 on cognition. Structural networks of transgenic animals were altered since the earliest stage. Likewise, 19 aging significantly affected network metrics in TgF344-AD, but not in the control group. In addition, 20 while the structural brain network influenced cognitive outcome in transgenic animals, functional 21 network impacted how control subjects performed. TgF344-AD brain network alterations were present 22 from very early stages, difficult to identify in clinical research. Likewise, the characterization of aging in 23 these animals, involving structural network reorganization and its effects on cognition, opens a window to 24 evaluate new treatments for the disease. 25 1 AUTHOR SUMMARY
. Sample size and age (median ± interquartile range) at each of the 5 acquisitions. Sample size in time point 1 is different in the structural and functional analysis (*corresponds to the number of rs-fMRI acquisitions). Variability in the age of acquisition at the first time point is due to differences in the cognitive training duration. Age difference between the groups was not significant. two weeks of DNMS sessions followed by MRI acquisition were repeated every three months resulting in 110 five evaluated time points.
111
Cognitive function evaluation 112 Every three months, working memory was evaluated by DNMS test, following the procedure described in 113 Muñoz-Moreno et al. (2018) . DNMS was carried out in isolated operant chambers (Med Associates, 114 USA), equipped with a pellet dispenser and three retractable levers, two of them in the wall where the 115 pellet is (right and left levers) and the other in the opposite side (center lever). During the testing weeks, 116 rats were food-deprived, receiving 75% of the usual food intake. In brief, DNMS requires the animal to 117 press the levers following a specific sequence to obtain a pellet. First, in the sample phase, right or left 118 lever appeared and after the animal pressed it, a delay randomly timed between 1 and 30 seconds started, 119 after which the center lever appeared. When the animal pressed it both right and left levers were extended 120 again. Correct response required a press on the lever opposite to the presented in the sample phase. Each 121 DNMS session finished after 90 minutes or when 90 trials were completed. The number of trials and 122 percentage of correct responses were recorded. 123 Before the first test, animals underwent a habituation and training phase to acquire the required skills. 124 This phase started when the animals were two months old and finished when they achieved an acquisition 125 5 criteria as explained in Muñoz-Moreno et al. (2018) isoflurane dose has been removed and the animals are sedated only by medetomidine.
148
To illustrate the acquisition quality, Supplementary Figure 1 The acquired images were processed to obtain the structural and functional connectomes following the 154 methodology described in Muñoz-Moreno et al. (2018) . Briefly, a rat brain atlas was registered to the 155 T2-weighted images to obtain brain masks and region parcellations (Schwarz et al., 2006) . T1-weighted 156 images were used to segment the brain into white matter (WM), gray matter (GM) and cerebrospinal 157 fluid (CSF) based on tissue probability maps registered from an atlas (Valdés-Hernández et al., 2011) to 158 each subject brain. Parcellation and segmentation were registered from T2/T1-weighted volumes to DWI 159 and rs-fMRI spaces to define the regions between which connectivity was assessed.
160
Fiber tract trajectories were estimated from DWI volumes using deterministic tractography based on 161 constrained spherical deconvolution model, considering WM voxels as seed points. Dipy was used to 162 process DWI volumes and estimate the fiber tracts (Garyfallidis et al., 2014) . The resulting number of 163 streamlines generated per subject are of the order of 10 5 (6.18·10 5 ± 0.67·10 5 ). As defined in Statistics. Longitudinal models.
213
The main objective of our study was the research of alterations in the longitudinal evolution of the 214 TgF344-AD brain networks with respect to the control group and its impact on cognition. Linear mixed 215 effects (LME) models (Oberg & Mahoney, 2007 ) were used to model the influence of age and group in 216 the network metrics and to identify differences in the effect of aging between the two groups. LME 217 models include both fixed effect (parameters common to an entire population such as age or group) and 218 random effects (subject-specific parameters modeling the subject deviation from the population).
219
LME was defined to regress each of the network metrics including group, age and the interaction between them as independent variables:
where y s is the network metric in the subject s at a given age, s represents each of the S subjects, β 0 is 220 the global intercept, β 1 , β 2 , β 3 the fixed effect parameters, assessing the influence of group, age and 221 interaction respectively, and β 4,s the subject specific correction. ξ is the regression error term.
222
Multiple comparisons were corrected using false discovery rate (FDR) (Benjamin & Hochberg, 1995) .
The effects of group, age or interaction between age and group were considered significant if the corrected p-value (p F DR ) was less than 0.05. When the interaction was significant, control and transgenic groups were modeled separately to evaluate the age effect in each group:
To complement the longitudinal analysis, differences in brain networks at each of the five acquisition 223 time points were evaluated. Kruskal-Wallis tests were applied to identify statistically significant 224 differences between whole-brain organization in transgenic and control groups. Multiple comparisons 225 9 were corrected using FDR (Benjamin & Hochberg, 1995 
where with a more notable slope in the case of transgenic animals.
255
The interaction between group and age was significant in FD-w strength, local efficiency and clustering 256 coefficient. In all these cases, an increase with age in the transgenic group -significant in strength and 257 clustering coefficient-was detected, opposite to the non-significant decrease observed in controls.
258
Similar behavior was observed in the binary connectome, where significant age-group interaction was 259 observed in all the network metrics, which were significantly affected by age in the transgenic group.
260
No significant effects of age, group or interaction were detected neither in functional connectivity nor 261 in cognitive performance.
262

Group differences by time points
263 Figure 2 shows the distribution of network metrics between groups at each of the five acquisition time 264 points, and the statistically significant differences. Significance was considered as p F DR < 0.05. Only 265 structural network metrics are shown, since no differences were found in functional connectomes.
266
Supplementary Table 3 shows the p F DR values and effect sizes (η 2 ) of both structural and functional 267 connectomes.
268
Most differences were observed at the earliest time point where FA-w and binary structural network 271 metrics were significantly decreased in the transgenic group with respect to controls. Regarding the 272 FD-w connectome, while a tendency to decreased values were observed in the transgenic group with 273 respect to controls at the first time point, a significant increase was detected in strength, local efficiency 274 and clustering coefficient at 15 months of age.
275
No significant differences were found in the functional network metrics.
276
Together with graph metrics we evaluate differences in network edges. Figure 3 shows the group connectome it can be seen that at 18 months of age, z > 0.05 connections in the TgF344-AD brain are 283 less and weaker. In previous time points connectivity is similar between both groups, and even higher 284 strength in specific links can be observed in the transgenic brain. 
Relationship between connectivity and cognition 299
The effect of connectivity in cognitive results and if this effect was different in transgenic and control 300 animals was evaluated using LME models.
301
Although no significant differences were observed in cognitive outcome between groups (see 302 Supplementary Figure 3) , it can be noted that: a) transgenic animals performed lower number of trials 303 than control animals at the first time point and b) there is a high variability in the results of the transgenic 304 group at the last time point, when the performance of some of the animals sharply falls. Besides, brain 305 network organization had a significant impact on the cognitive results.
306
The interaction between FA-w strength and group had a significant effect in DNMS results
307
(p inter = 0.0223). Considering the group specific model, this metric had a significant influence in the 308 number of trials performed by the transgenic animals (p tg = 0.0018), but not in controls. Group and 309 metric shown also a significant effect in cognitive outcome (p group = 0.0203 and p metric = 0.0006, 310 respectively).
311
Similar results were observed considering any of the FD-w metrics (strength: p group = 0.0098, 312 p metric = 0.0007, p inter = 0.0016; local efficiency: p group = 0.0098, p metric = 0.0005, p inter = 0.0167; 313 clustering coefficient: p grous = 0.0051, p metric = 1.97 · 10 −5 , p inter = 0.0065) or binary metrics (degree: 314 p group = 0.0051, p metric = 1.6 · 10 −5 , p inter = 0.0065; global efficiency: p group = 0.0051, 315 p metric = 1.6 · 10 −5 , p inter = 0.0065; local efficiency: p group = 0.0098; p metric = 4.4 · 10 −6 , 316 p inter = 0.0064; clustering coefficient: p group = 0.0098, p metric = 4.4 · 10 −6 , p inter = 0.0064), except for 317 FD-w global efficiency (p group = 0.0051, p metric = 0.0035), where the interaction between group and 318 metric was not significant. In all the cases, the higher the FD-w or structural binary network metrics, the 319 more trials the transgenic animal performed (FD-w strength, p tg = 0.0019; local efficiency, p tg = 0.0014; 320 clustering coefficient, p tg = 6.54 · 10 −5 and binary degree, p tg = 5.29 · 10 −5 ; global efficiency, 321 p tg = 5.29 · 10 −5 ; local efficiency, p tg = 1.26 · 10 −5 ; clustering coefficient p tg = 1.26 · 10 −5 ). All the 322 reported p-values are FDR corrected. Figure 5 shows FA-w, FD-w strength and structural degree (results
323
are similar in all the mentioned metrics). More details are provided in Supplementary Tables 4 and 5 .
324
As shown in Figure 5 , the number of trials was significantly influenced by the interaction between 
344
Our results show differences between transgenic and control groups in the progression of the structural 345 connectivity during aging. Alterations in the structural brain network of population at risk of AD or in its 346 preclinical phases in human cohorts of elderly or middle-aged subjects have been reported (Berlot et al., 347 2016; Chen et al., 2015; Farrar et al., 2017; Fischer et al., 2015; Pereira et al., 2017; Shu et al., 2015; 348 Zhao et al., 2017) , which are in line with the differences we have observed in TgF344-AD animals at 349 equivalent ages (15 months). Furthermore, earlier alterations were observed in the animal model: months. This could be related with the hyperconnectivity effect described after brain injury and in 361 preclinical phases of AD (Hillary & Grafman, 2017), explained as a mechanism to preserve 362 communication in the network and minimize the behavioral deficits. Although hyperconnectivity has 363 been mainly identified in functional networks, higher binary structural network properties were also 364 described in APOE ε4 carriers before mild cognitive impairment (MCI) appears (Ma et al., 2017) . Thus, 365 to compensate the lower FA-w strength in the network, more connections would be established to 366 preserve behavioral performance. In this line, the increase in FA-w network metrics with age observed in 367 transgenic animals is probably related to the presence of more connections rather than to FA increase in 368 the brain. The results obtained with NBS also points to this line. They showed hyperconnectivity in Impairments in functional connectivity have been described in at risk, preclinical or clinical AD 377 cohorts, but depending on methodological issues or cohort selection differences have been reported in 378 opposed senses (Phillips, McGlaughlin, Ruth, Jager, & Soldan, 2015) . Likewise, in the studied animal 379 model, TgF344-AD, differences in connectivity between specific regions or networks have been reported 380 (Anckaerts et al., 2019; Tudela et al., 2019) at several ages. In the present work, we focused on the 381 analysis of brain network globally instead of evaluation of specific connections. From this point of view, 382 the whole-brain network metrics describing integration and segregation of the functional connectomes 383 did not significantly differ between control and transgenic groups. This could be related to three factors. DNMS should be performed to confirm this hypothesis. Finally, the third factor that could influence the 397 absence of functional connectivity differences could be the disease timing. Brain changes as amyloid-β 398 concentration and neural loss in TgF344-AD have been described from 16 months of age in Cohen et al.
399
(2013) and significant cognitive impairment is mainly described from 15 months (Cohen et al., 2013; 400 Tsai et al., 2014) although tendencies to impairment or differences in anxiety or learning abilities have 401 been reported at earlier stages (Cohen et al., 2013; Muñoz-Moreno et al., 2018; Pentkowski et al., 2018) .
402
Actually, an increase in variability of the cognitive outcome was observed at 18 months of age, when 403 some of the transgenic animals performed much worse than at previous ages. This suggests that the 404 symptomatic onset occurs around 18 months of age, and before this age, functional connectivity might 405 compensate the structural network damage resulting in similar functional network metrics than in control 406 15 animals. The observed significant relation between structural network metrics and cognitive performance 407 could be related with the ability of functional connectivity to cope with the structural disconnection 408 preserving cognition, until a breakpoint when it is not able to deal with extensive structural network 409 damage. This relationship between structural connectivity and cognition has been also described in MCI 410 subjects (Berlot et al., 2016; Farrar et al., 2017) The use of MRI-based connectomics to longitudinally analyse the brain network in an animal model of 416 AD provides a valuable and highly translational approach to the research on the mechanism of the 417 disease progression, since the applied methodology can be easily translated to clinical investigation.
418
Besides, animal models allows for characterization and follow-up of the same cohort from early stages 419 until advanced phases of the disease. Indeed, the model used in our experiments, the Tg344-AD rats, has 420 been shown to develop all the AD pathological hallmarks in a progressive manner, which makes it 421 especially suitable for longitudinal evaluation.
422
The use of graph metrics allows for comparison between alterations observed in the animal model and 423 previous results in human cohorts in literature. This is essential to validate how the animal model mimics 424 the pathology in patients. It is also a critical point to allow translationality between preclinical and 425 clinical trials in the research for AD treatments (Drummond & Wisniewski, 2017; Sabbagh et al., 2013) .
426
Our results are coherent with those observed in elderly or middle-aged human cohorts, and provide 427 further information about earlier brain alterations and the pattern of disconnection associated with AD 428 progression. Furthermore, the use of a rat model allows for better behavioral characterization than other 429 animal models (Do Carmo & Cuello, 2013) . This makes possible to perform cognitive evaluation of 430 memory related functions and relate animal performance with brain connectivity. Our results revealed 431 that the influence of brain network organization in cognitive abilities differs between transgenic and 432 control animals.
433
Regarding the limitations of the study, the relatively small number of subjects could limit the statistical 434 analysis. However, the measures were repeated at 5 time points, which increases the sample size 435 evaluated by the longitudinal models to 80 observations. Note that our main results are based on models 436 fitted to all these observations. Small sample could have a bigger impact on the complementary analysis 437 at specific time points, but even with this limitation significant differences between the groups were 438 detected after multiple comparison correction. These differences were coherent with previous findings 439 observed in bigger cohorts from human population. Nevertheless, the small sample size could hamper the 440 statistical analysis and be related, for instance, with the lack of significant differences at the last time 441 point.
442
MRI protocols were optimized to achieve a compromise between sensitivity, image quality and 443 acquisition time. After optimization, TE of the gradient-echo BOLD acquisition was set to 10.75 ms.
444
Although it is slightly shorter than common echo-times used to sensitize images to BOLD variations, the 445 analysis of the resulting BOLD signal showed patterns of connectivity consistent with previous 446 knowledge, as shown in Supplementary Figure 2 . Resting-state acquisitions were acquired using 447 medetomidine as sedation, which was considered to preserve connectivity networks better than isoflurane 448 anesthesia (Kalthoff, Po, Wiedermann, & Hoehn, 2013) . However, recent studies have thoroughly 449 investigated the effect of anesthesia in brain function during resting-state, and suggested that the use of 450 only medetomidine could hinder brain function which has been observed in awake animals. These new 451 findings should be taken into account in new experimental protocols, and could lead to additional 452 conclusions that complement our analysis. shown for significant effects (pgroup group effect, page age effect, p Inter effect of the interaction between age and group). If interaction was significant group models were fitted to the data, in orange, p F DR values of the effect of age in the LME model fitted to the transgenic group (no significant effects were observed in the control group). 
